We demonstrated GaN-based resonant-cavity light-emitting diodes (RCLEDs) fabricated on a copper substrate by electroplating and laser lift-off techniques. A TiO 2 /SiO 2 dielectric distributed Bragg reflector (DBR) and an aluminum metal reflector were employed as top and bottom mirrors, respectively. As compared to the conventional LED without a top mirror, improved performances were achieved in RCLED devices due to the resonant cavity effect. We also investigated the effects of the top TiO 2 /SiO 2 dielectric DBR on device characteristics. By tuning the reflectivity of the top dielectric DBR, the optimum RCLED device with the top DBR reflectivity of 55% shows a high output power of 62 mW, an external quantum efficiency of 14.8%, a full width at half maximum (FWHM) of 12 nm for emission spectrum, a 50% viewing angle of 122 • and a -3 dB modulation bandwidth of 48 MHz. The results show that the RCLED device with the optimum reflectors has considerable potential for future high-performance application. Light-emitting diodes (LEDs) as important data transmission and receiver devices have been extensively used in plastic optical fiber (POF) communications, optical interconnects and displays. [1] [2] [3] In the recent years, nitride-based materials have drawn much research interest for lighting application, especially for LEDs in the ultraviolet and blue part of the spectrum. Although blue LEDs and laser diodes have been commercialized, there have been still various efforts to increase the extraction efficiency of gallium-nitride (GaN)-based LEDs. In consideration of the conventional LEDs that suffer from limited light extraction due to the total internal refraction (TIR), 4 one of the most important ways to improve the LEDs comes in the form of resonant-cavity light-emitting diodes (RCLEDs). The first highefficiency RCLED was reported by De Neve et al. and its highest external quantum efficiency was close to 20%.
Light-emitting diodes (LEDs) as important data transmission and receiver devices have been extensively used in plastic optical fiber (POF) communications, optical interconnects and displays. [1] [2] [3] In the recent years, nitride-based materials have drawn much research interest for lighting application, especially for LEDs in the ultraviolet and blue part of the spectrum. Although blue LEDs and laser diodes have been commercialized, there have been still various efforts to increase the extraction efficiency of gallium-nitride (GaN)-based LEDs. In consideration of the conventional LEDs that suffer from limited light extraction due to the total internal refraction (TIR), 4 one of the most important ways to improve the LEDs comes in the form of resonant-cavity light-emitting diodes (RCLEDs). The first highefficiency RCLED was reported by De Neve et al. and its highest external quantum efficiency was close to 20%. 5 RCLEDs can be regarded as a hybrid between vertical-cavity surface-emitting lasers (VCSELs) and conventional LEDs. Generally, the structure of RCLEDs consists of two mirrors and active multiple-quantum-well (MQW) layers for light generation. The active MQW region is sandwiched between top and bottom mirrors to form a Fabry-Perot resonant cavity. The micro cavity can provide a redistribution of emitting light through the enhancement or inhibition of spontaneous emission, depending on the position of the emission dipole with respect to the cavity-standing wave pattern. 6 This modification of the spontaneous emission process can be used to improve the extraction efficiency by increasing emission for light to escape from the device. 7 The capability of a planar cavity structure to enhance the light extraction efficiency has also been deeply discussed by Benisty et al. 8, 9 Moreover, as compared to conventional LEDs, RCLED devices show the advantages of lower divergence of output beams, higher spectral purity, better temperature stability, and higher modulation bandwidth. Although GaN-based RCLEDs have already been demonstrated with obvious cavity effects in the emission spectrum and superior directionality of emission, 10, 11 less effort was made to optimize the cavity design for maximum light extraction efficiency. It has been reported that the optimization of mirror reflectivity can enhance the light extraction efficiency by analytical calculation. 12 In this paper, we successfully fabricated and characterized GaNbased RCLEDs on the copper (Cu) substrate by electroplating and laser lift-off (LLO) techniques, using a TiO 2 /SiO 2 dielectric distributed Bragg reflector (DBR) and an aluminum (Al) metal reflector as top and bottom mirrors, respectively. The electrical and optical properties between RCLED and conventional LED were compared. In addition, we also investigated the effects of the top mirror reflectivity in order to maximize the light extraction efficiency. The optimum top DBR reflectivity is found as about 55%. The optimum RCLED device exhibits a high output power of 62 mW, an external quantum efficiency of 14.8%, a full width at half maximum (FWHM) of 12 nm z E-mail: zwzheng@xmu.edu.cn for emission spectrum, a 50% viewing angle of 122
• and a -3 dB modulation bandwidth of 48 MHz. These results provide a solution for performance improvements in practical application.
Experimental
The epitaxial layers were grown on a c-plane sapphire substrate by metal organic chemical vapor deposition (MOCVD). The epitaxial structure is composed of a 20-nm-thick GaN buffer layer, a 2-μm-thick undoped GaN layer, a 3-μm-thick Si-doped n-GaN layer, a 11-pair InGaN/GaN MQW active region, a 50-nm-thick p-type AlGaN electron blocking layer (EBL), and a 160-nm-thick Mg-doped p-GaN layer. To fabricate the RCLED devices, the indium-tin-oxide (ITO) film was firstly deposited onto the p-GaN layer as a current spreading layer. Then, an Al metal layer was formed as a bottom mirror by physical vapor deposition (PVD). The back side Al mirror presents a reflectivity of around 90%. Next, the sample was turned upside down and a 150-μm-thick Cu metal was electroplated as a permanent supporting layer. The sapphire substrate was removed by LLO using a KrF excimer laser with a wavelength of 248 nm. An inductively-coupled plasma (ICP) etching was subsequently adopted to remove the undoped GaN layer to expose the n-GaN layer. After that, the n-type GaN was thinned and polished by chemical mechanical polishing (CMP) technique. A square structure with dimensions of 240 × 240 μm 2 was defined by ICP etching for electrical current isolation. Finally, 2-pair, 3-pair, and 3.5-pair TiO 2 /SiO 2 dielectric DBRs with the reflectivity of about 35%, 55% and 75% at the center wavelength of 453 nm were deposited and patterned as a top mirror, respectively. Cr/Au metals were used as both p-type and n-type electrodes. For comparison, the conventional LED device without a top DBR was also fabricated. Figures 1a and 1b shows the cross-sectional schematic structure of the fabricated RCLED device and the top-view optical microscope image of the emitting RCLED device driven with a forward current of 20 mA, respectively. The electrical and optical properties of the devices were characterized at room temperature. The current-voltage (I-V) and modulation characteristics were measured by a Keithley 2400 source meter and a network analyzer, respectively. Figure 2 shows the electroluminescence (EL) spectra of the conventional LED and RCLED with the top DBR reflectivity of 55%, which are both driven with an injection current of 100 mA. The EL spectra were dispersed by a monochromator and then detected by a calibrated silicon photo-detector. The reflectivity of the top TiO 2 /SiO 2 dielectric DBR (55%) was lower than that of the bottom Al metal mirror (90%), resulting in the top emission for the RCLED device. From the EL spectra, the peak emission wavelength of the blue RCLED was located at 453 nm with a FWHM of 12 nm, which was narrower than 18 nm of the conventional LED. Several periodic resonant wavelength peaks corresponding to Fabry-Perot modes were obviously observed, which can be ascribed to the resonant cavity effect. Furthermore, the mode spacing ( λ) of about 11 nm between 453 nm and 464 nm resulted in a micro cavity formed between the two mirrors. For the mode spacing, it can be given by:
Results and Discussion
where λ 0 is the emitting wavelength, n eff is the effective refractive index of the cavity, L is the cavity length. According to the Eq. 1, the cavity length for the blue RCLED is found to be about 3.1 μm by incorporating the measured λ and n eff = 3.0 at the wavelength of 453 nm. 14 The I-V characteristics of the conventional LED and RCLED devices were compared, as shown in the inset of Fig. 2 . It can be seen that both devices have similar forward voltage (V F ) of ∼3.1 V at an injection current of 20 mA, indicating that adding the top mirror to form a resonant cavity has little impact on the electrical properties of the LED device. Figure 3a shows the light output power and external quantum efficiency as a function of injection current for the conventional LED and RCLEDs with different top DBR reflectivity of 35%, 55% and 75%, respectively. The light output power was measured by using an integrating sphere. As compared to the conventional LED without a top DBR, the RCLED devices with different top DBRs exhibit much improved light output power over the entire injection current range. With the injection current increasing, the light output power of all devices increases. At an injection current of 320 mA, the maximum light output power (denoted as P out ) of the RCLEDs with the top DBR reflectivity of 35%, 55% and 75% is 1.9, 2.3 and 1.3 times higher than that of the conventional LED without a top DBR, respectively. (2018) Furthermore, for the external quantum efficiency (denoted as η ext ), it can be expressed as:
where q, P, I and hν are the electron charge, output power, injection current and photon energy, respectively. According to the Eq. 2, the conventional LED has a maximum external quantum efficiency of 5.2% at around 32 mA, which then decreases with increasing forward current. However, the RCLED devices with the top DBR reflectivity of 35%, 55% and 75% exhibit higher maximum external quantum efficiency of 9.0%, 14.9% and 7.2%, respectively. These improvements in light output power and external quantum efficiency can be attributed to the resonant cavity effects, part of the laterally-guided light can be redirected into the extraction cone. 16 Figure 3b shows the extracted maximum P out and η ext as a function of the reflectivity of top dielectric DBR, respectively. It can be clearly seen that the RCLED device with the top DBR reflectivity of 55% achieves the optimum output power and external quantum efficiency. It indicates that a moderate reflectivity of the mirror through which light exits is required to obtain high external quantum efficiency. 17 To further investigate the optimum performances achieved in the RCLED device with the top DBR reflectivity of 55%, we performed the theoretical calculation. Due to the cavity effect, the emission of the light in the extraction cone was enhanced at the resonant wavelength, whereas suppressed at the non-resonant wavelength. Therefore, two parameters G e (peak intensity enhancement factor) and G int (wavelength-integrated intensity enhancement factor) were introduced. According to the principle of Fermi's Golden Rule, the emission enhancement factor at the resonant wavelength (G e ) can be expressed as:
where R 1 , R 2 and ζ are the top mirror reflectivity, the bottom mirror reflectivity and the antinode enhancement factor, respectively. The change in the emission lifetime was also taken into account. For planar micro cavities, the ratio between the lifetime with cavity (τ cav ) and the lifetime without cavity (τ), is about 0.9. 19 On the other hand, the total enhancement integrated over all wavelengths, rather than the enhancement at the resonance wavelength, is relevant for many practical devices. Exactly on resonance, the emission is enhanced along the axis of the cavity. However, far off resonance, the emission is suppressed. Because the natural emission spectrum of the active medium (without cavity) may be much broader than the cavity resonance, it is not clear if the integrated emission is enhanced at all. To calculate the wavelength-integrated enhancement, the spectral width of the cavity resonance and the spectral width of the natural emission spectrum must be determined. The integrated enhancement ratio can be calculated analytically by assuming a Gaussian natural emission spectrum which is, at room temperature, much larger than the width of the cavity resonance. The integrated emission enhancement factor (G int ) can be given by:
where λ and λ o are the operating wavelength in the cavity and in air, respectively, and λ n is the spectral width of natural emission spectrum. It can be seen that the shorter the cavity length or the smaller the natural emission linewidth is, the higher the overall wavelengthintegrated intensity is. Figure 4 shows the relationship between the reflectivity of top DBR (R 1 ) and the calculated enhancement factors (G e and G int ). When the reflectivity of bottom mirror (R 2 ) is 90%, G e increases as the reflectivity of top DRB (R 1 ) increases, indicating that the introduction of a cavity increases the light output intensity at the resonance frequency. However, G int decreases as R 1 increases, indicating that total enhancement integrated over all wavelengths degraded. It can be seen that there is a tradeoff between the enhancement at the resonance wavelength (G e ) and the total enhancement integrated over all wavelengths (G int ), implying that the top DBR reflectivity would be designed to be moderate for improvements. For the three fabricated RCLED devices, the reflectivity is proper for light extracting from output mirror due to R 1 < R 2 . 20 Additionally, the output DBR mirror with higher reflectivity can increase G e and improve cavity enhancement of the extractable fields. For the RCLED device with the low top DBR reflectivity of 35%, the external quantum efficiency was a little low due to weak cavity effect. With increasing the top DBR reflectivity, the greatly enhanced external quantum efficiency was achieved with much improved G e and acceptable G int . However, when continuing to increase the top DBR reflectivity to 75%, the external quantum efficiency decreased with the G int decreasing, which could be attributed to the additional internal total reflection and Fresnel loss. 21 These results are in agreement with the theoretical simulation and design rules of microcavity LEDs reported by De Neve et al. of the conventional LED. With increasing the reflectivity of the top dielectric DBR to 55% (or 75%), the viewing angle decreases to 122
• (or 120
• ). The top dielectric DBR with a moderate reflectivity at the emitting surface improves the degree of directionality of the emission spectrum, allowing more photons to escape through the extraction cone. On the other side, the bottom Al metal mirror also helps reflect the light upwards to increase the extraction. The results indicate that incorporating a top dielectric DBR along with a bottom metal mirror to form a resonant-cavity structure can improve the light extraction while maintaining a relatively similar escape cone in the large angular direction. Although increasing the reflectivity of top dielectric DBR can improve the degree of directionality, the light output power of the RCLED device can be reduced because of the increased round-trip absorption loss in the cavity. 8 With the above advantages of narrow emission spectrum, high output power and good directionality for the RCLED device, we further investigated the modulation characteristics for visible light communication (VLC) application. Figure 6 shows the modulation characteristics of the conventional LED and RCLED with the top DBR reflectivity of 55% at an injection current of 320 mA, respectively, with the inset of the setup of the LED modulation bandwidth measurement system. 23 The devices were bonded onto a package for modulation characterization, and driven by a dc bias, coupled with the modulated output of the network analyzer via a bias-tee. The device emission was absorbed through free space by a silicon photo-detector, and then the signal was sent back to the network analyzer for recording frequency response. The -3 dB modulation bandwidths (f -3 dB ) can be extracted from the frequency response curves. The RCLED device exhibits a higher -3 dB modulation bandwidth of 48 MHz than 37 MHz of the conventional LED. The improvement in modulation bandwidth can be attributed to the short carrier lifetime caused by high radiative recombination rate in the cavity device. 24 
Conclusions
We have demonstrated the fabrication and characterization of the GaN-based RCLEDs operated at the wavelength of 453 nm by using electroplating and LLO techniques along with a top TiO 2 /SiO 2 dielectric DBR and a bottom Al metal mirror. The reflectivity of the top dielectric DBR incorporated to the RCLED is of great importance in the enhancements of the light extraction efficiency and the optimum reflectivity is found as about 55%. The optimum blue RCLED with the top DBR reflectivity of 55% exhibits a maximum light output power of 62 mW, and a maximum external quantum efficiency of 14.8%. In addition, the FWHM of the RCLED device is 12 nm and the 50% viewing angle is 122
• measured at 20 mA. Besides, a -3 dB modulation bandwidth of 48 MHz at 320 mA is achieved. This RCLED device with these superior properties using optimumdesigned DBR-metal mirrors show great promise as light sources in future high-performance application.
